Geological investigations and seismic refraction tomography reveal a series of 70° steep, parallel and continuous fractures at 2950 m asl within the Gemsstock rock ridge (Central Swiss Alps), at the lower fringe of alpine permafrost. Temperature measurements in a 40 m horizontal borehole through the base of the ridge show that whilst conductive heat transfer dominates within the rock mass, brief negative and positive temperature anomalies are registered in summer. These have very small amplitudes and coincide with summer rainfall events lasting longer than 12 h. In contrast, a complete lack of anomalous thermal signals during spring snowmelt suggests that runoff does not penetrate the open joints, despite high snow water equivalents of around 400 mm. This is attributed to the development of an approximately 20 cm thick, continuous and impermeable basal ice layer which forms at the interface between the snow cover and the cold rock on the shady North facing rock wall during snowmelt. Spring snowmelt water therefore does not affect rock temperatures in the centre of the rock mass, despite the presence of deep open joints. The mechanical impact of snowmelt infiltration on rock wall stability at depth is thus assumed to be negligible at this site.
Introduction
Thermal regimes of fractured rock walls are of particular interest regarding rock slope stability and infrastructure maintenance in cold mountain regions. Geological structure has a significant influence on rock temperature because the distribution and geometry of rock discontinuities determines patterns, rates and intensity of heat exchange induced by water infiltration, air circulation and phase changes within the rock mass. Although recent studies have provided detailed insight on near-surface processes in rock fractures (Hasler et al., 2011b; Magnin et al., 2015) , only few measurements have been made at depth in high mountain environments . Knowledge of rock temperature regimes at depth in cold regions is useful to investigate the preconditioning of deep-seated rock slope failures (Gruber and Haeberli, 2007; Huggel, 2008) and is crucial for the planning and maintenance of critically sensitive anchored infrastructure such as cable car pylons (Bommer et al., 2010) .
In substrates with uniform material properties and no fluid movement, the dominant form of heat transfer is conduction (Kane et al., 2001) . In reality however, rock walls tend to be fractured to a certain degree. Open fractures allow water infiltration and a multitude of other processes including phase change, ice segregation (Murton et al., 2006) , ice degradation (Fischer et al., 2006; Krautblatter et al., 2013) , vapour transport and air circulation can occur within the fractured rock system. In addition, fractured rock walls usually have a complex surface topography with asperities on which snow can accumulate (Wirz et al., 2011) . Snow is both a thermal regulator and a source of water, which translates into potential energy transported by advection (Hasler et al., 2011a) and pressure if it can penetrate the rock mass. The thermal regime of fractured rock walls is therefore spatially and temporally variable and involves various combinations of conductive and non-conductive heat transfer mechanisms as well as latent heat exchange. Water, snow and ice play a crucial thermo-mechanical role in this system.
Mountain snowpacks and spring runoff are important water resources at high elevations (Stewart, 2009) . Recent studies show that significant amounts of snow (several decimetres to metres) can accumulate in very steep (70-80°), rough rock slopes (Haberkorn et al., 2015b; Magnin et al., 2015; Wirz et al., 2011) . This implies potentially high snow water equivalents in mountain rock walls at the onset of snowmelt in spring. Snowmelt runoff is concentrated in fractured sections of rock walls. There is a limited amount of measured data in the literature on the thermal and mechanical effects of snowmelt water infiltration, but snowmelt is often mentioned as having a significant influence on rock temperature and on slope instability . Stock et al. (2013) list snowmelt as one of several 'probable' rock fall triggering conditions, whereby the influence of snowmelt is primarily inferred by temporal coincidence. Hasler et al. (2012) observed that near-surface rock slope instabilities may be triggered through meltwater infiltration and temperature-related strength loss at the rock-ice interface in ice-filled clefts. Matsuoka (2001) observed that frost wedging was likely due to the refreezing of meltwater in joints. Snowmelt infiltration rates exceeding 80 mm day −1 were measured on a 40°permafrost talus slope in the Swiss Alps, triggering a sharp increase in ground temperature and simultaneously causing substantial slope deformation (Rist and Phillips, 2005) . Steep rock slopes have a lower porosity than talus slopes, but if snowmelt runoff penetrates open joints, it will increase shear stress by increasing hydrostatic pressure (Wieczorek and Jäger, 1996) , may induce short-term cryostatic forcing and can lead to fracture widening (Blikra and Christiansen, 2014; Krautblatter et al., 2013) . Oppikofer et al. (2009) observed that the Åknes rockslide shows acceleration during snowmelt and after heavy rainfall. A phenomenon particular to sites with cold substrates can nevertheless impede the infiltration of snowmelt into open fractures. Snowmelt percolates downwards along preferential flow paths within the snowpack and along the base of the snow on inclined impermeable substrates (Marsh, 2006) . If the ground is cold enough to dissipate the latent heat of freezing, a basal ice layer can form at the snow-rock interface by refreezing of the melt water (Woo and Heron, 1981) . The thickness of the basal ice is controlled by the amount of water percolating at the base of the snowpack, the permeability of the substrate and by the snow and substrate temperatures (Woo et al., 1982) . The latter observed that the formation of an impervious basal ice layer immediately prevents water infiltration into the substrate.
Long-term rock temperature measurements are available from several boreholes in alpine permafrost (e.g. Gruber et al., 2004; PERMOS, 2013; Zenklusen Mutter et al., 2010) and temperature is a useful tag for providing information about the origin and flow history of water in rock fractures (Bodvarsson, 1969) . However, only few boreholes are located in steep rock walls (Nötzli et al., 2010; Wegmann et al., 1998) and rock wall temperature sensors with a high spatial and temporal resolution are mostly found in shallow boreholes Magnin et al., 2015) . As a result, very little is known about rock wall hydrology in mountain permafrost regions . Ideally, a combination of thermal and structural information is required to improve this lack of information. Seismic Refraction Tomography (SRT) allows lateral and spatial mapping of the active layer or internal structures such as ice lenses, and sharply resolves even small structures due the seismic travel path along boundaries (Hauck and Vonder Mühll, 2003) . SRT is therefore used to detect ice lenses in sub-alpine scree slopes (Kneisel and Hauck, 2003; Stiegler et al., 2014) , alpine talus and debris-covered slopes (Hauck et al., 2004; Hilbich, 2010) as well as rock glaciers (Maurer and Hauck, 2007; Musil et al., 2002) . In low-porosity alpine rock walls, developing ice pressure can be detected using SRT (Draebing and Krautblatter, 2012) . SRT is also used to identify the spatial distribution of active layer thaw and structural features such as discontinuities Heincke et al., 2006; Krautblatter and Draebing, 2014) .
One site where SRT measurements are combined with rock temperatures measured from the surface to several decametres depth within the fractured rock mass is the Gemsstock ridge in the Central Swiss Alps (Haberkorn et al., 2015b) . In this study, we investigate the thermal regime in the ridge and show how it is influenced by the geological structure and in particular by a series of steep parallel open joints. The latter intersect a horizontal borehole equipped with thermistors. Using geological and seismic investigations of rock structure, rock temperature data, and in-situ snow cover investigations we examine thermal signals caused by snowmelt and refreezing of snowmelt water at the rock surface in spring and by water infiltration into the rock joints in summer. In contrast to widespread references in the literature, we show that the thermal and mechanical role of spring snowmelt is negligible at depth in this particular fractured rock wall.
Site description
Gemsstock is a NE-SW oriented ridge at 2960 m asl (Fig. 1) above Andermatt in the Gotthard range of the Central Swiss Alps (46°36′ 7.74″N; 8°36′41.98″E). The site is at the lower fringe of Alpine permafrost, with patchy occurrences of permafrost in the North facing wall of the ridge, as indicated by the presence of ice in fresh rockfall scars and by the absence of permafrost in an instrumented horizontal borehole. The discontinuous nature of permafrost distribution at the site is confirmed by the Swiss map of permafrost distribution (see http:// map.geo.admin.ch). The North facing 30-40 m high rock wall is undergoing deglaciation at its base. Terrestrial laser scans (Kenner et al., 2011) show that the retreat of the Gurschen and St. Anna glaciers (Fig. 1) causes an annual glacier surface depression of around 1-2 m every summer.
The Gemsstock ridge consists of Gotthard granodiorite and gneiss. The North facing scarp slope is characterized by a series of persistent parallel joints dipping steeply south-eastwards at 70°. The joints form horizontal ledges in the rock wall with a spacing of roughly 3-5 m (Fig. 2a) . The joints are assumed to be continuous because water does not accumulate in them in summer. The dominant form of failure in this scarp slope is toppling (Kenner et al., 2011) . In contrast, the South facing dip slope is very stable and has a relatively smooth rock surface, exposing the mentioned south-eastward dipping joints (Fig. 2b) .
The Gemsstock ridge is on the main weather divide of the Alps and is therefore affected by southerly and northerly airflows. The site has enhanced orographic and convective cloud formation and high precipitation values with measured maximum winter snow depths exceeding 4 m. Mean annual precipitation at the MeteoSwiss automatic weather station (AWS) Gütsch, 6 km North of Gemsstock at 2287 m asl, was 1535 mm a −1 over the 2 year study period between 1 January 2012 and 31 December 2013. The mean annual air temperature at the AWS Gemsstock (2869 m asl, see Fig. 1 ) was − 2.9°C for the same period (see also section on Meteorological Data below). This paper focuses on a sector of the North facing Gemsstock rock wall 200 m to the West of the Gemsstock summit cable car station. We analyse this particular area because a horizontal borehole was drilled through the base of the ridge here (Figs. 1-3 ) in 2005 and equipped with thermistors. The borehole temperature data reveal that there is no permafrost at the level of the borehole. We focus on the 2-year period between 1 January 2012 and 31 December 2013.
Methods

Determination of fracture characteristics
Fracture dip, direction of dip and aperture were measured manually at the surface along a transect reaching from the top of the Gemsstock ridge to the base of the northern scarp face (Querner, 2013) . The south face is a dip slope consisting of one major fracture system. The same south-eastward dipping joints set is apparent from ledges as 10 continuous fractures that can be traced along the North face (Fig. 2a) . Interpretation was performed using OpenStereo (Grohmann and Campanha, 2010 ) along a NW-SE scanline between both ends of the horizontal borehole. Fracture widths were measured manually and photographs of major fracture systems taken (Fig. 2) .
Seismic refraction tomography
Seismic refraction tomography (SRT) visualises spatial patterns of compressional wave (P-wave) velocity within the ground. P-wave velocities of intact rock are influenced by rock moisture (Nur and Simmons, 1969) and freezing of pore water (Draebing and Krautblatter, 2012; Timur, 1968) . In addition, seismic velocities are determined by rock properties which cause rock and seismic anisotropy (Barton, 2007; Thomsen, 1986; Wang, 2001) . Anisotropy can be distinguished into induced anisotropy due to pores and fractures and intrinsic anisotropy as a result of mineral components and textural-structural characteristics, such as bedding (Lo et al., 1986) . However, only induced anisotropy corresponds to stress and can decrease due to loading or ice pressure (Draebing and Krautblatter, 2012; Heincke et al., 2006) . In rock walls, P-wave velocities also depend on the density and orientation of discontinuities (Leary and Henyey, 1985) . If vertical discontinuities remain open, compressional waves travelling perpendicular to discontinuity direction will be slowed down more than parallel travelling waves (Barton, 2007) . Thus, discontinuities cause macroscopic anisotropy.
To quantify the effect of microscopic anisotropy in intact rocks, Pwave velocity was tested in the laboratory on a rock sample from the Gemsstock under natural water-saturated and frozen conditions by Draebing and Krautblatter (2012) . When saturated, the P-wave velocities range from 4039 ms − 1 perpendicular to cleavage, to 5191 ms
parallel to cleavage. In frozen conditions, P-wave velocity approaches 4759 ms −1 perpendicular to cleavage and 6078 ms −1 parallel to cleavage (see Table 2 in Draebing and Krautblatter, 2012) . Anisotropy is around 22% for saturated conditions and only shows a minor decrease due to freezing. Anisotropy is therefore predominantly influenced by intrinsic anisotropy (Draebing and Krautblatter, 2012) . At the rock slope scale, the inherent microscopic anisotropy can be increased by macroscopic anisotropy due to discontinuities and fractures (Heincke et al., 2006) . A 90 m long transect consisting of 24 drilled geophone positions with 3 m spacing was installed on the rock surface over the Gemsstock ridge between both ends of the borehole. In July 2014, seismic shots were generated by abseiling, using a 5 kg sledgehammer between every geophone and off-end shots 1.5 m and 4.5 m before and after the first and last geophones. The ridge topography was derived from terrestrial laser scans. Topographic data was reduced to 60 points and a topographic model reflecting the major topographic properties of the rock wall was generated using the seismic software Reflex W 7.0. SRT data was processed according to Krautblatter and Draebing (2014) with a model block size of the final tomography of 0.5 m. A ray tracing was performed to quantify ray density which shows the number of rays crossing a model block divided by the total number of rays (Sandmeier, 2012) . To quantify the quality of final tomographies, total absolute time difference (1.39 ms − 1 ) and root mean square error (1.79%) were calculated, which indicate a good quality of the SRT (Sandmeier, 2012) .
Borehole temperature measurements
In 2005 a horizontal borehole was drilled through the Gemsstock ridge at an elevation of 2905 m asl and equipped with a watertight, grouted PVC tube with wall thickness of 6 mm and an inner diameter of 71 mm. Grout thickness at the interface between the PVC tube and the rock is 43 mm. The borehole is oriented NW to SE and is perpendicular to the orientation of the ridge. The southern end was plugged with grout and a water-tight lid was installed at both ends of the PVC tube to prevent any incursion of air or water. The borehole is 40 m long and equipped with a chain of 27 YSI-44008 thermistors, which were calibrated at 0°C in an ice-water mixture and have a calibrated accuracy of 0.01°C. The thermistors are located at the following distances from the northern end of the borehole: − 0. 2, 0.05, 0.3, 0.55, 0.8, 1.3, 1.8, 2.8, 3.8, 5.8, 7.8, 9.8, 11.8, 15.8, 19.8, 23.8, 27.8, 29.8, 31.8, 33.8, 35.8, 36.8, 37.8, 38.3, 38.8, 39 .05, and 39.3 m. The term thermistor 'depths'
indicates their horizontal distance from the northern end of the borehole (Fig. 3) . The northernmost thermistor (−0.2 m) protrudes 20 cm from the rock but is encased in the PVC tube. Temperature data is registered on a two-hourly basis using a Campbell CR1000 logger. In this paper, borehole temperature data from 2012 and 2013 are presented. Nevertheless, it should be noted that comparable thermal phenomena as are analysed here have been registered yearly since the beginning of the measurements in 2005.
Near-surface rock temperature measurements
Near-surface rock temperatures (NSRT) were measured in 0.1 m deep boreholes at 2-h intervals using Maxim iButtons (DS1922L), which were calibrated in an ice-water bath and have a calibrated accuracy of ±0.25°C. The iButtons were placed in water-resistant plastic capsules to prevent device failure due to water infiltration. Tests in an ice-water mixture showed that these cause a delayed thermal response of 12 min (Haberkorn et al., 2015b) . Thermal conduction paste was used to improve the contact between the capsules and the rock. The shallow boreholes were sealed with rubber plugs to protect the devices from atmospheric influences and direct exposure to solar radiation.
Data from two iButtons representing typical contrasting snow cover conditions in the rock wall will be presented here: iButton N3 is located in a vertical sector near the top of the rock wall, whereas iButton N5 is located 6 m lower at the foot of this part of the rock wall close to a ledge corresponding to a joint entrance (Fig. 3) . NSRT data indicate that N3 was generally snow free, except during and shortly after storms, when snow or rime adhered to the rock. Although iButton N5 is located in 70°steep rock, a rock ledge 0.5 m below allows the accumulation of a thick snow cover in winter. The presence or absence of snow was estimated using NSRT standard deviation thresholds (Haberkorn et al., 2015a; Schmid et al., 2012) .
Terrestrial laser scanning
Terrestrial laser scanning has been carried out at Gemsstock yearly in summer since 2006 using a Riegl LPM-321 scanner to quantify volumetric changes and to determine zones and modes of failure in the North facing rock wall (Kenner et al., 2011) . These scans provide highresolution digital elevation models of the snow-free rock walls. Since 2012 scans using a Riegl VZ6000 long-range laser scanner have also been carried out at different times in the winter. Snow distribution and snow depths in the rock wall were determined by comparing the data to that obtained in the snow-free summer scans (Haberkorn et al., 2015a,b) .
Snow pits
Snow pits were dug in early-and mid-winter, as well as in spring in the rock walls above the borehole at Gemsstock since 2012. They were dug in various positions along the transect between both ends of the borehole (Fig. 1, red dashed line) . These manual measurements are carried out to obtain detailed in-situ information on snow cover characteristics in the rock walls. Position, elevation, slope angle and aspect were measured at each snow pit site. Snow cover characteristics were classified according to Fierz et al. (2009) . Snow layer thickness, grain type, grain size, hand hardness index, snow density, snow temperature and snow-rock interface temperature were recorded. Rime or glazing on the snow or rock surfaces was registered optically, as were cavity hoar and ice layers at the base of the snowpack or in rock joint apertures.
Automatic time-lapse photography
Time-lapse photographs of the north and south facing rock walls at Gemsstock were taken hourly from two positions (Fig. 1) with automatic cameras (Panasonic Lumix DMC-FZ200). The photographs are useful to determine weather conditions, the approximate duration of precipitation events (there is no precipitation gauge at Gemsstock) and the timing of snow cover melt out.
Meteorological data
Two automatic weather stations provided meteorological data for this study. The AWS Gemsstock (2869 m asl) is located at the foot of the northern rock slope. This station provided data on air temperature, relative humidity, global radiation, wind speed, wind direction and snow depth over the period analysed here (2012) (2013) . The MeteoSwiss AWS Gütsch (2287 m asl) is situated 6 km North of Gemsstock. Data from the AWS Gütsch was used to estimate the occurrence and duration of precipitation events at Gemsstock, since no measurement of liquid precipitation is carried out at this high alpine location. As summer rainfall events in the Alps are often local phenomena due to convection and vary strongly in timing and magnitude, the precipitation measured at Gütsch is only used qualitatively here to confirm the occurrence of precipitation events captured by time lapse photography at the study site.
Results and discussion
4.1. Geometry of rock joints at the surface and inferred at depth Fig. 4 shows three dominant joint sets in the Gemsstock rock mass. Joint sets 1 (73.8°/75.6°) and 2 (47.1°/82.6°) are a series of steeply dipping SE and NW oriented joint systems; the predominant SE dipping continuous joint system (14 of 25 joints) is roughly illustrated in Fig. 3 and separates the rock face into metre thick slabs separated by the fractures with partially infilled apertures of 4 to 25.5 cm width (Fig. 5) , which are open to water and air circulation. A smaller NW dipping joint system (set 3, 145.0°/68.9°) with partially infilled apertures between 0.3 and 9.0 cm may connect with some of the dominant SE dipping joint system (Fig. 5) .
The SRT highlights these linear features with higher P-wave velocities than the surrounding rock mass. These correspond to the location and the dip angle (approximately 70°) of the mapped fractures (Fig. 5a ). The ray density is significantly increased in these areas and over 10% of the seismic rays travel along them (Fig. 5b) . Sub-vertical fractures result in a greater deceleration of the perpendicular P-waves travelling normal to the fractures than of the parallel P-waves travelling parallel to the fractures (Leary and Henyey, 1985) . The South face is a 70°dip slope consisting of one major fracture system with subparallel fractures (S1 and S2). As a consequence, seismic waves on the South facing rock wall travel as mainly parallel P-waves, which are 20% faster than perpendicular P-waves (Draebing and Krautblatter, 2012) and are less strongly decelerated (Leary and Henyey, 1985) . The combination of microscopic anisotropy due to textural-structural properties and macroscopic anisotropy due to discontinuities results in areas of high P-wave velocities on the fracture-free lower part of the south- facing rock wall. The P-wave velocity pattern is consistent with the dominant dip angle of the discontinuities and thus suggests a dominant effect of macroscopic anisotropy, similar to that observed in the Randa rock slope (Heincke et al., 2006) . The SRT measurements therefore confirm the geological structure determined manually at the rock surface and illustrate the fracture distribution within the rock mass. Furthermore, the tomographies suggest that the fractures connect the north facing rock wall with the borehole and intersect the borehole between 10 and 32 m, as sketched in Fig. 3 . This connection enables water fluxes as observed for example by Hasler et al. (2011a) and possibly air flow along fractures, which may be reduced in winter due to ice infill at the joint apertures.
Borehole temperatures
The seasonally fluctuating quasi-sinusoidal character of the borehole temperatures indicate that the dominant form of heat transfer within the ridge is conduction, as would be expected in a 40 m thick rock mass (Fig. 6) . However, the slightly skewed seasonal temperature curves characterized by slow cooling rates in winter and rapid warming in early summer underline the fact that the rock surface temperature regime is strongly influenced by the snow cover at this snow-rich site. The slow cooling rates in winter are caused by early winter snow accumulation on rock ledges, which insulates the rock against cold air temperatures. In contrast, warming of the rock is rapid in early summer due to efficient snowmelt runoff, warm summer air temperatures (Fig. 7b) and enhanced solar radiation. For comparison, the seasonal temperature curves measured in the horizontal Jungfrau East ridge borehole (3590 m asl) in steep bedrock with very little snow cover are perfectly sinusoidal and not skewed (PERMOS, 2013) . The 3D influence of the ridge topography, as described by Noetzli and Gruber (2009) is also apparent at Gemsstock, with permanently positive temperatures reigning southwards of 17 m depth in the borehole. In the centre of the rock mass the highest temperatures are registered in winter and the lowest ones in summer, due to the thermal phase-lag with time and depth.
Thermal anomalies in the borehole
After registering a spring zero-curtain of several weeks during and after snow disappearance due to the effect of latent heat during thawing (Outcalt et al., 1990) , the thermistors between 0 and 3.8 m depth all registered a sharp rise in temperature over 0°C at the end of June 2012 and at the end of July 2013 (Fig. 7c) , which coincided with positive air temperatures (Fig. 7b ) and the first long rainfalls after snowmelt (Fig. 7a) . Rock temperatures then remained positive and thermal disturbances in the form of short-term (b60 h) and very slight (0.05-0.25°C) but rapid temperature changes can be discerned yearly in the borehole between July and October when there is no snow, yet never in the snow covered period. These thermal anomalies are registered by the thermistors located between the northern end of the borehole and 31.8 m depth but are best visible between 9.8 and 31.8 m (Figs. 6-8) . The sporadic and short-term nature of the disturbances suggests a non-conductive form of heat transfer. Their timing coincides with summer precipitation events lasting longer than 12 h. These rainfall events can be discerned from the hourly automatic photographs taken at Gemsstock and mostly coincide with precipitation registered by the MeteoSwiss Gütsch weather station (Figs. 7a and 8) . The amount of precipitation required to trigger the thermal anomalies is unknown, as there is no liquid precipitation measurement at Gemsstock. Nevertheless, the fact that rainfall induces a thermal signal at the level of the borehole indicates that the fractures are open to infiltration as soon as the snow cover has melted.
On the basis of the available information, we hypothesize that rain water penetrates the approximately 70°steep persistent joints in the northern flank of Gemsstock and flows down past the borehole below, briefly modifying the borehole temperatures, yet without having a lasting thermal effect. The geometry of the ridge and of the joints (Figs. 3  and 4) probably explains why the thermistors located between 31.8 m and 36.8 m do not display these disturbances, as the rock mass here (and hence the borehole) are not intersected by joints. However, south of 36.8 m diurnal temperature variations strongly dominate any other signals.
It should be noted that the thermistors are located in a PVC tube with a wall thickness of 6 mm which has been grouted into the borehole (grout thickness is 43 mm). Thermal signals are therefore damped and probably do not accurately represent the actual temperature of the water flowing past. Nevertheless, they do give an indication of the timing and the duration of the thermal disturbance and also show whether the water is warmer or colder than the surrounding rock.
Positive and negative thermal anomalies
There are no temperature measurements within the rock joints (between the level of the borehole and the rock surface) so the thermal regime is unknown there. However the borehole temperatures ( Fig. 7c  and d ) and in particular the positive or negative nature of thermal signals (i.e. increase or decrease in temperature, see Fig. 8 ) induced by infiltrating rainwater may provide evidence for the presence or absence of permafrost in the rocks bounding the fractures -or point towards the presence of some ice in the joints.
During both summers 2012 and 2013, borehole thermistors at 5.8, 9.8 and 11.8 m registered sporadic cooling during precipitation events in July and August and then sporadic warming during rainfall from September onwards (9.8 and 11.8 m are shown in Fig. 8 ). This may indicate the presence of frozen rock (or ephemeral fracture ice) in July and August, which then thawed in late summer. In contrast, all thermistors between 15.8 and 31.8 m always registered cooling during precipitation events, throughout the summer (15.8 m is shown in Fig. 8 ). This could be due to the presence of ice in joints or pore ice in the rock, over which the rainwater runs and cools before reaching the borehole. Similar phenomena related to advective heat transport by water flowing through rock clefts were observed by Hasler et al. (2011a) in laboratory experiments.
In July 2012 thermal evidence of ice was registered at 7.8 m depth in the borehole (Fig. 8) : the rock temperature remained just below 0°C from the beginning of July until mid-August 2012 and rainfall induced disturbances registered by other thermistors were not registered here (Figs. 7c and 8 ). This zero-curtain is likely to have been caused by the presence of an ice plug in the joint at the level of the borehole. Such ice front propagation into open joints was for example observed by Matsuoka (2001) . During the snow-rich winter 2012-2013 and spring 2013 temperatures at 7.8 m depth remained positive and there is no evidence of ice formation there (Fig. 8) .
Snowmelt
The timing and duration of snowmelt in the rock wall can be inferred from near-surface rock temperatures measured by the iButtons at 0.1 m depth (Fig. 7b) , by near-surface borehole temperature measurements (Fig. 7c) and from the time-lapse photographs. Various snowmelt runoff events during periods of positive air temperature were registered under the snow cover by the thermistors at −0.2 and 0.05 m at the northern end of the borehole from the 28th March onwards in 2012 and from 14th April onwards in 2013 (Fig. 7c , dashed blue ellipses). They were characterized by sudden, short-term increases in temperature. This led to the thermal inversion of near-surface temperatures, and culminated in a spring zero-curtain lasting around 4 weeks in 2012 and 6 weeks in 2013. As it is unlikely that there was enough water/ice contained in the bare rock to induce a long-lasting spring zero-curtain triggered by latent heat exchange, these temperature signals indicate that melt water flowed past the borehole at the interface between the rock surface and the snow cover and refroze there, forming a layer of basal ice. This was confirmed by snow pit measurements. The time-lapse photographs indicate that the snow cover was intact during these periods.
The subsequent thermal anomalies registered in the borehole from the end of June 2012 and from the end of July 2013 onwards all occurred when the near-surface borehole rock temperature measurements were positive and no snow was visible on the photographs. Indeed, there was no thermal evidence of infiltration at any depth along the borehole during snowmelt, which indicates that snowmelt runoff did not penetrate the joints.
Snow water equivalent (SWE), the amount of water potentially available during snowmelt, is the product of snow depth (HS) and bulk density (ρb). Although snow density was measured in winter at Gemsstock in snow pits using an aluminium snow cylinder, it was impossible to apply this method in spring, due to the hardness of the melt-crusts and the presence of thick ice layers which the cylinder could not penetrate. Measurements made earlier in the winter cannot realistically be used to estimate SWE available for melt in spring, as the bulk density of the snow cover increases in the course of the winter due to snow compaction caused by settling and ripening (Jonas et al., 2009) . However, using snow depths measured by laser scanning in June 2013, a reasonable estimate of the potential snow water equivalent could be obtained using a simple yet efficient method developed by Jonas et al. (2009) .
Eq. (1) allows the determination of snow bulk densities (ρb mod ) and thus convert measured snow depth values (HS obs ) into snow water equivalents (SWE mod ) with Eq. (2) (Jonas et al., 2009) . Look-up tables in the above-mentioned publication allow the accounting of the factors with the most notable influence on snow density, i.e. the month (ɑ), the elevation (b) and the snow-climate region in the Swiss Alps (offset reg ).
Using an average measured snow depth of 2 m on the Northern flank of Gemsstock in June 2013, and taking into account the fact that the site is above 2000 m asl and is in the Central Swiss Alps, a SWE of around 400 kg m −2 or 400 mm is obtained. This amount of water would not go undetected if it infiltrated the joints during the snowmelt period. Small amounts may infiltrate joint apertures and refreeze there, as was observed by Matsuoka (2001) -but we have no direct evidence of this at Gemsstock as there are no instruments in the joint apertures.
Vapour transport in joints
The presence of well-developed cavity hoar under the snow at several joint apertures (Fig. 9) provides evidence that the joints are open in mid-winter (January/February). Cavity or crevasse hoar forms when vapour is transported along a temperature gradient in cavities and condenses against colder surfaces (Fierz et al., 2009) . The rock surface temperatures at the base of the snow cover were typically −4 to −6°C in mid-winter, whilst the rock temperatures within the rock mass at the level of the borehole were between − 1.5 and + 2°C, thus forming a positive temperature gradient. A lattice of hoar gradually formed across the joint apertures. This may have provided a matrix supporting the formation of a basal ice layer across the joints during snowmelt.
Basal ice layer
The snow pit measurements provide an explanation for the absence of significant snowmelt infiltration into joints in the North facing rock slope during the main snowmelt period. In mid-winter the snowpack on the northern shady flank of Gemsstock typically consists of strongly faceted and poorly consolidated snow crystals. From early April onwards, under the influence of rising air temperatures the snow mainly comprises melt forms and hard melt-crusts. In addition, a continuous 10-20 cm thick layer of basal ice forms between the base of the snow pack and the rock surface, as was observed with in-situ snow pits (Fig. 10) . This basal ice layer forms when snowmelt water emanating from the increasingly sunnier areas with positive rock temperatures at the top of the ridge flows under the snow and refreezes against the colder rock below. Borehole temperatures at 0.05 m depth (Fig. 7c , blue ellipses) indicate the timing of melt water infiltration events (short and marked rises in temperature) and the period during which the basal ice layer was present (temperatures remaining just below 0°C for several weeks). Although basal ice layers have been observed in Arctic regions, as mentioned above (e.g. Woo et al. (1982) ), to our knowledge there is no literature on them in the Alps.
In Fig. 7b , rock temperatures measured at 10 cm depth near the top of the ridge at the snow-free point N3 and further down under the snow cover at the point N5 are shown. Melt water flowing under the snow cover caused rock temperatures at N5 to rise rapidly on April 14th 2013 and then plateau out at 0°C until the end of June 2013 due to latent heat release induced by basal ice formation on the rock surface. This basal ice, which also covers the joint apertures, effectively prevented the infiltration of potentially large quantities of snowmelt water, as was observed by Woo et al. (1982) in the Arctic. The same thermal phenomenon was registered simultaneously by all other iButtons located downslope from N5, with variations in the termination of the zero-curtain related to the heterogeneous snow distribution and resulting differences in timing of snow disappearance (Haberkorn et al., 2015b) . A thick basal ice layer also forms on the South facing rock slope of Gemsstock, yet much earlier in the winter, due to the strong influence of solar radiation on this steeply inclined dip slope. 
Mechanical implications of water infiltration and air circulation in open fractures
Short-term instability of permafrost rocks is commonly attributed to changes in shear stress induced by water and ice-pressure Krautblatter et al., 2013) . In the case of the Gemsstock ridge at the lower fringe of permafrost, we have no evidence for perched groundwater levels, as fractures are not permanently filled with ice. As a consequence, the infiltration of rainwater in summer does not have a lasting thermal effect at the level of the borehole, implying that water does not cause a water pressure effect by accumulating. In addition, the basal ice layer at the snow-rock interface prevents significant water infiltration from snowmelt in spring -in contrast to observations at the Åknes rockslide for example, where snowmelt precedes acceleration phases (Oppikofer et al., 2009 ) but where the back fracture is 1.6 m wide (Ganerød et al., 2008) and therefore much wider than the joints at Gemsstock.
Ventilation of fractures may occur in winter before the fractures are plugged by the basal ice layer, and this could enhance thermal stress along the cooling fracture network due to temperature contrasts between the rock mass and the fractures. Sudden cryostatic pressure could develop concurrently to the first water infiltration into the cooled fracture system in summer, favoured by the thermal inertia of frozen rock around the fractures. However, to prove such transient effects and to test these hypotheses, long-term crack opening data is required (crack opening is currently being measured at Gemsstock but will be published elsewhere, when more data is available).
Conclusions
Geological observations at Gemsstock allowed the determination of rock fracture distribution and geometry. The presence of a dominant series of approximately 70°steep parallel joints dipping southeastwards from the North face was confirmed by SRT measurements. These give an overview of the internal structure of the rock mass and its anisotropy.
Thermal signals measured in a 40 m horizontal borehole intersecting the joints at the base of the Gemsstock ridge indicate that summer precipitation penetrates the joints, confirming that they are open. Further evidence that the fractures are open is provided by the formation of cavity hoar in their apertures under the snow cover in January/February.
The borehole temperatures indicate that there is no infiltration of snowmelt water into the open rock fractures in spring, despite high snow water equivalent values. This is attributed to the presence of a thick basal ice layer under the snow cover during snowmelt, which effectively 'plugs' the joint apertures and promotes efficient downslope snowmelt runoff. We have observed the same phenomenon in other rock walls investigated in the framework of this project.
The amount of water infiltrating the fractures in summer is not known and thermal signals registered in borehole are damped -it is therefore difficult to quantify the heat exchange occurring between the flowing water and the rock. Temperature measurements within fractures would be useful to obtain the required information.
The importance of spring snowmelt infiltration on rock wall stability is often underlined in the literature, but should be considered with care as it is probably highly site-specific. Basal ice layer formation preventing snowmelt infiltration into open joints is likely at sites with cold rock surfaces and narrow joint apertures. Joint aperture size is thus a determining factor, as it probably determines whether a continuous basal ice layer can form across apertures or not.
This study has shown that temperature measurements near the rock surface and at depth, as well as in-situ snow cover investigations are necessary to determine whether snowmelt is important for rock slope stability or not.
